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BOND BETWEEN CFRP BARS AND CONCRETE:
PART I - EXPERIMENTAL STUDY

L.J. Malvarl, J.V. Coxz, and K. Bergeron Cochran’

The bond characteristics of four different types of carbon fiber reinforced polymer
(CFRP) rebars (or tendons) with different surface deformations embedded in lightweight
concrete were analyzed experimentally. In a first series of tests, local bond stress-slip data, as
well as bond stress-radial deformation data, needed for interface modeling of the bond
mechanics, were obtained for varying levels of confining pressure. In addition to bond stress
and slip, radial stress and radial deformation were considered fundamental variables needed to
provide for configuration-independent relationships. Each test specimen consisted of a CFRP
rebar embedded in a 76-mm (3-inch) diameter, 102-mm (4-inch) long, precracked lightweight
concrete cylinder subjected to a constant level of pressure on the outer surface. Only 76 mm (3
inches) of contact were allowed between the rebar and the concrete. For each rebar type, bond
stress-slip and bond stress-radial deformation relationships were obtained for four levels of
confining axisymmetric radial pressure. It was found that small surface indentations were
sufficient to yield bond strengths comparable to that of steel bars. It was also shown that radial
pressure is an important parameter that can increase the bond strength almost threefold for the
range studied. In a second series of tests, the rebars were pulled out from 152-mm (6-inch)
diameter, 610-mm (24-inch) long lightweight concrete specimens. These tests were conduced to
provide preliminary data for development length assessment and model validation (Part II).

Keywords: bond (concrete to reinforcement); fiber reinforced polymer; FRP; concrete;
composites; carbon; rebar; confinement; development length.

INTRODUCTION

Extensive and costly condition assessment, repair, and rehabilitation programs are under
way to extend the service life of reinforced concrete structures. The main cause of deterioration
is the corrosion of the steel reinforcement exposed to marine environment and aggressive agents
such as deicing salts for bridges and pavements. To prevent this deterioration, fiber reinforced
polymer (FRP) bars have recently been used, which have good corrosion resistance and some
mechanical properties similar to steel. FRP rebars, tendons and grating have already been used
in waterfront structures and bridges (Benmokrane and Rahman 1998; Dolan et al. 1999;
Razagpur 2000; Saadatmanesh and Ehsani 1998).
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Two drawbacks with Aramid FRP (AFRP) and Glass FRP (GFRP) bars are their
durability problems in alkaline, ultraviolet, and moist environments, as well as their low creep
rupture strength (Malvar 1998; Yamaguchi et al. 1997), which are reflected in the current codes
(ACI 440 2001; Bakht et al. 2000; Sonobe et al. 1997). Hence the current study only considered
4 types of CFRP bars, which can be used as reinforcements or prestressing strands.

The U.S. Navy is currently applying FRP materials to upgrade its waterfront reinforced
concrete structures, and is considering their application as reinforcing or prestressing bars in
lightweight concrete floating structures. There is, however, little knowledge on the mechanical
interaction, i.e. bond, between these bars and lightweight concrete. This study focuses on the
bond behavior of 4 carbon FRP (CFRP) bars within lightweight concrete (Figure 1 and Table 1).
For each FRP rebar type, tensile tests are first carried out, then bond stress-slip responses under
constant radial confining stress are experimentally determined, and finally pull-out tests for large
embedment length specimens are completed. In the work presented in Part II, the data presented
here is used to calibrate an interface bond model that, combined with various specimen models,
is then used to provide preliminary design data for one of the bars.

RESEARCH SIGNIFICANCE

The acceptance of FRP rebar in structural engineering had been inhibited partly due to
the lack of design criteria, particularly with regard to bond. While recent codes now address
bond (ACI 440 2001; Bakht et al. 2000; Sonobe et al. 1997), little experimental data is available
for bond in lightweight concrete, and even less for CFRP bars in lightweight concrete. The
variation in bar deformation geometry and composition results in highly variable bond
characteristics. Comparison of bond properties of various types of deformations is a first step in
the determination of optimum deformation geometry.

The determination of more general bond stress-slip models is useful for mathematical or
numerical modeling of reinforced concrete structural behavior. In particular, these models can
be used to estimate anchorage requirements for reinforcing bars without the need for extensive
testing. Anchorage requirements can also be verified via long embedment tests capable of
developing the bars.

IMPORTANCE OF LATERAL CONFINEMENT

In spite of its importance, only a limited amount of research has included radial normal
stress and deformation directly in the model (Cox and Herrmann 1992, 1998, 1999; Cox 1994,
1998; Cox and Guo 1999; Cox et al. 2000; Gambarova et al. 1998; Malvar 1992a, 1992b, 1992c,
1995; McCabe and Pantazopoulou 1998; Tork 1999; Lundgren 2000; FIB 2000). In many cases,
a specimen configuration is chosen and no attempt is made at evaluating the confinement
provided by the reinforced or unreinforced concrete surrounding the bar. A simple pull-out test
with or without preset passive confining reinforcement (e.g. Sonobe et al., 1997) is often
assumed to be representative of any actual confinement. As a result, very disparate
configuration-dependent relationships for bond stress versus slip have been obtained, with
variations in bond stress over 100 percent, e.g. Figure 3.16 from ASCE (1982), or Figure 6 from
Keuser and Melhorn (1987). However, if the lateral confinement is included in the model,
various experimental results can be reproduced with acceptable accuracy (Cox and Guo 1999;



Cox and Hermann 1992; FIB 2000). Recent state-of-the-art reports on bond of FRP bars by Taly
and GangaRao (2001) and Tepfers et al. (Chapter 7 of FIB, 2000) also discuss confinement
effects.

PREVIOUS WORK ON BOND OF FRP REBARS

Cosenza et al. (1999) studied the development length of a GFRP rebar similar to Type A
used here (Figure 1). They found a bond strength of 14.5 MPa (2100 psi) at a slip of 0.25 mm
(0.01 inch). They reported an embedment length of about 10d, (bar diameters) for a #4 bar
(Table 2). The same GFRP Type A rebar was used by Shield et al. (1999), who reported a
development length of about 20dy to 24dy, (the latter was used), with an equivalent bond strength
of 5.4 to 4.5 MPa (780 to 650 psi), for a #5 bar (Table 2). The difference in development length
could be due differences in bar size and concrete strengths (Table 2). ACI 440 (2001) indicates
that the development length /s can be expressed as a function of bar diameter dj (or cross
sectional area), concrete strength /., and bar design tensile strength f; (considering reductions
for service environment) as:

d;

Cy =K, Iz

(D

where K is a constant for a particular bar. Alternatively, since the concrete strength effect is
low, and assuming that the dependency on bar diameter is linear, ACI 440 (2001) also provides
the following conservative design estimate:

lpr=dpf /2700 (inpsiunits) or  lpyr=dpf;/18.5 (in SI units) 2)

On the low end, a 70 ksi GFRP bar in an aggressive environment would result in /;y = 18 d,

while a 170 ksi CFRP bar would result in ¢, = 56 d,. The Japanese code recommends 23d;
(Sonobe et al. 1997).

Various authors have also worked on the bond of the Type D bar (Benmokrane and
Chennouf 1997; Cox and Guo 1999; Mahmoud et al. 1999; Tepfers et al. 1992; Tokyo 1989)
(see Table 2).

TENSILE AND BOND TESTS FOR CFRP REBARS

Rebar Types

Four types of CFRP rebars (or tendons) with different deformations were considered
(Figure 1). For each one, Table 1 reports the deformation spacing (or length of surface structure
pattern) and height. The deformation height is measured as the difference between the bar radius
at a deformation and the radius at midpoint between that deformation and the next one. In
addition each rebar type presents the following characteristics:

- Type A bars have molded external deformations that mimic those of steel rebar. An
outer layer consisting exclusively of matrix material is provided around the fibers for



additional protection. The deformation height was about 0.6 mm (0.024 in) and the
spacing was 7.6 mm (0.3 in) (Table 1).

- The surface of Type B bars was roughened to obtain very small deformations (0.0025
mm or 0.001 in high) very closely spaced (3.0 mm or 0.12 in).

- Type C bars are actually tendons fabricated by twisting and gluing 7 separate CFRP
smooth strands. Although originally developed for prestressing applications, these
tendons can be used as reinforcing bars. The twist on the strands was low, resulting in
an equivalent deformation spacing in excess of 150 mm (6 in) (Table 1).

- Type D bars are also 7 strand tendons (see Table 1 for properties).

Tensile Tests

Tensile tests similar to ASTM D 3916 (1984) were first conducted on each type to verify
the ultimate strength and longitudinal elastic modulus. First a single test was completed per bar,
where the samples were 1.83 m (6 feet) long, with the ends epoxied into 0.61 m (2 feet) long
steel pipes prior to placing them in the grips. Measured values are reported in Table 1. For bar
Types C and D, these values matched the minimum expected values, e.g. see Iyer at al. (1994)
for Type C, and Tokyo Rope (1989) for Type D (see Table 2). For Type A, two more tests were
completed, which resulted in a coefficient of variation of only 1.5% (see Table 1).

Bond Tests

The objective of these tests was to determine configuration-independent, local bond
stress-slip data for development and calibration of more general bond models (i.e., models that
incorporate the normal component of the interface traction and the radial deformation).
Typically bond stress-slip relations are derived from pull-out tests, or other more complex
setups, without regard for the lateral confinement exerted by the particular setup. As a result
very disparate behaviors have been obtained which are dependent on the particular setup. The
current setup uses a very small specimen in an attempt to identify local data experimentally (an
alternative is to use an analytical or numerical model that relates local response to measured
global responses — an inverse method, e.g. Focacci et al., 2000). If the lateral confinement on
this specimen is systematically varied between tests, a family of curves can be obtained, which
can potentially be used to derive a bond model that is configuration independent. Similar tests
have already been carried out for steel and GFRP bars (Malvar 1992a, 1992b, 1992¢c, 1995)
yielding general bond-slip relationships that were successfully used in predicting a variety of
well known results (Cox 1994; Cox and Guo 1999; Cox and Herrmann 1992, 1998, 1999). For
FRP bars, the bond strength is more affected by the low transverse stiffness (which is mostly
dependent on the matrix material).

The specimen used is shown in Figures 2, 3 and 4. It consists of a 76-mm (3-inch)
diameter, 102-mm (4-in) long concrete cylinder surrounding an FRP bar. Only about 76 mm (3
in) of the bar were actually in contact with the concrete, contact being prevented in the rest of the
specimen via silicone-rubber spacers. The outer concrete surface was surrounded by a split,
threaded steel pipe that carried the pullout force via shear stresses in the threaded region (Figures
2, 3). The pipe was split into 8 strips in order to essentially eliminate its lateral resistance. The
concrete cylinder was actually cast in place against the pipe threads (Figure 4). Casting was
carried out with the specimen placed vertically. As shown in Figure 2, on the unloaded side



(inside the pipe) the bar extended beyond the concrete specimen, so that new, undisturbed bar
was pulled into the bond zone as the test progressed, maintaining the same contact length.

The radial confining pressure on the specimen was applied via a thin ring that surrounds
the portion of pipe containing the concrete cylinder. A thin coat of bearing grease prevented any
friction between the ring and the pipe. A hydraulic jack with an adjustable relief valve closed
the ring with a constant force during the test. In this way the longitudinal reaction and the radial
confinement could be both controlled and measured independently of each other.

Concrete mix proportions were:

- Type Il cement 406 Kg/m’® (685 Ibs/yard®)
- Class F fly ash 82 Kg/m® (138 Ibs/yard?)
- Water 205 Kg/m® (345 Ibs/yard®)

Expanded shale coarse aggregate 449 Kg/m® (756 Ibs/yard®)

- Expanded shale fine aggregate 648 Kg/m® (1092 Ibs/yard’)
In addition, air entrainment was used to obtain 6% to 8% air, and a plasticizer was used to obtain
a 4" slump. Three uniaxial unconfined compressive tests and three tensile splitting tests were
completed on 76-mm by 152-mm (3-in by 6-in) cylindrical specimens at 28 days. Concrete
properties are reported in Table 3.

On the loaded end, two linear variable differential transformers (LVDTs) were clamped
to the bar and measured the relative displacement of the outer concrete surface, i.e. the pipe.
They were diametrically opposed to compensate for any rotation. A third LVDT was located
inside the pipe and measured the relative displacement (slip) between the pipe and the unloaded
end of the bar. Finally a fourth LVDT measured the opening of the confining ring. This was
later translated into a radial deformation or dilation. The apparatus was installed in an MTS
testing machine. The MTS load cell provided pullout load measurements. Average bond
stresses were calculated by dividing pullout loads by the contact area between the bar and
concrete.

Prior to each bond test, the concrete cylinder was precracked by loading the split pipe
laterally as in a Brazilian test. Upon crack initiation, the specimen was then placed in the MTS
testing machine, a confining pressure at the bar surface was set at either 3.45, 10.3, 17.2, or 24.1
MPa (500, 1500, 2500, or 3500 psi) and kept constant during the remainder of the test. After the
precracking, and assuming that the cracks are open, all the pressure from the confining ring is
transferred to the bar. All tests were carried out under longitudinal displacement control.

Long Embedment Tests

In these tests, the CFRP rebars were pulled out from 152-mm (6-in) diameter, 610-mm
(24-in) long lightweight concrete specimens (Figure 5). The U.S. Navy requires covers over
reinforcement between 65 and 75 mm (2.5 and 3 in) for marine concrete, the latter for concrete
in the splash zone (Unified 1999), and this specimen provides a similar cover. These specimens
also provided additional data for the estimation of development lengths in Part II of this paper.
The test set up and a tested specimen are shown in Figure 6. The first 76 mm (3 in) of the rebars
embedded in the cylinders were prevented from bonding to the concrete, hence the embedded
length is only 534 mm (21 in). Two test specimens were tested per bar type. Load and free end
displacement were measured.



Concrete properties for the long embedment tests are indicated in Table 3. Note that this
is lightweight concrete, which typically has a low modulus of elasticity compared to normal
weight concrete.

EXPERIMENTAL RESULTS

Bond Tests Results: Complete Bond Stress-Slip Curves

Four curves are reported for each bar type, correspond to confining pressures at the bar
surface of 3.45 through 24.1 MPa (500 through 3500 psi) in 6.9 MPa (1000 psi) increments, as
mentioned earlier. Each curve is typically the average of 2 or 3 tests. The slip mentioned in this
section is the average measurement of the two LVDTs located on the loaded end of the bar. This
measurement was corrected for the unbonded length of rebar and the gage offset. Figure 4
shows the cracks that formed for Type B (test at confining stress of 17.2 MPa or 2500 psi).
Figures 7 through 10 show the complete bond stress versus loaded-end slip response for all 4
bars and all 4 confining pressures. Table 4 shows the peak bond stresses and corresponding
slips.

1) Type A. Figure 7 reports the bond stress versus slip behavior for Type A bars, up to a
displacement of 8 mm (0.315 in). Near 7.6 mm (0.3 in) of slip, the bond stress start to increase
again, indicating that the bar has advanced one deformation spacing. The bond stress can be
increased 2.5 times to about 10 MPa (1450 psi) by varying the confining pressure from 3.45 to
24.1 MPa (500 to 3500 psi). The deformations in this bar were able to sustain the very high
bond stresses: after displacing about 3 deformation spacings the deformations could still provide
significant bond strengths. Previous research (Achillides et al. 1997) indicates that for low
concrete strengths (15 to 30 MPa) the concrete is crushed between the ribs (and the bond
strength is dependent on the concrete strength). For higher concrete strengths, the CFRP ribs are
damaged instead (and the bond strength is no longer affected by the concrete strength). For 19-
mm (3/4-in) diameter plain steel bars, bond stresses around 19.3 MPa (2800 psi) were obtained
for the highest confining pressure used here (Malvar 1992a, 1992b, 1992¢). For 19-mm (3/4-in)
diameter GFRP bars, bond stresses around 11.7 MPa (1700 psi) were obtained for the highest
confining pressure used here (Malvar 1995). The latter GFRP bars had deformation heights of at
least 5.4% of the diameter, compared with 6% for the current Type A CFRP bar.

2) Type B. The deformations in these bars had a height of only 0.3% of the nominal diameter,
and were not sufficient to induce significant lateral displacement. As a result, confining stresses
above 3.45 MPa (500 psi) appeared to prevent the longitudinal cracks from opening, and thus no
increase in bond stress can be observed for the higher confining pressures (Figure 8) (the
variation in bond strength is attributed to experimental scatter). A “squeeze-through” failure
mode was apparent (see Chapter 7 of FIB, 2000), with maximum bond stresses around 4 MPa
(580 psi). After about every 3 mm (0.12 in) of displacement, the bond stresses increase again,
indicating that the bar displaced one deformation length (Figure 8).

3) Type C. These bars tended to twist as they were being pulled out, since the test arrangement
does not constrain the twisting motion. Because the deformation spacing is very large (about 15
times the diameter, see Table 1), the bars tend to slowly “unscrew from the concrete” producing



very small lateral displacements, and resulting in small bond stress increases with increasing
confining pressure (Figure 9), and bond strengths below 6 MPa (870 psi). The bond stress
remained somewhat constant towards the end of the tests, which may allow for redistribution of
stresses in the structural member. However, due in part to the twisting, the demonstrated bond
behavior may not be representative of the bond response of a bar bridging a primary crack.

4) Type D. These bars have significant deformations, and the bond stress could be almost
doubled by increasing the confining pressure (Figure 10). The maximum bond stresses
measured were almost as high as for Type A. Also, the relatively large deformation spacing
allowed for significant displacement at almost constant bond stress. This plastic behavior is
advantageous because it may allow for redistribution of forces in the structure (and overall
higher load-carrying capacity) without failure.

5) Bar Deformations. From these limited tests, and previous ones on GFRP bars (Malvar
1995), some very preliminary conclusions could be drawn to avoid “squeeze-through” failures
and low bond strengths: (a) deformation heights of about 6% of the diameter, or more, may be
necessary, (b) deformation spacings of 3 times the diameter, or less, may be necessary.

Bond Tests Results: Bond Stress-Radial Displacement Curves

Upon first loading, the rebar deformations exert radial pressures against the surrounding
concrete potentially splitting the concrete longitudinally, or, if precracked, until the longitudinal
cracks start opening. If external confinement is provided, the rebar tends to slowly open the
concrete cracks until enough space is created for the deformations to advance, via a combination
of sliding, concrete crushing, and damage to the bar deformations (or surface structure).
Eventually, after enough combined damage has taken place, a radial contraction may occur
(Malvar 1992a, 1992b, 1992¢c, 1995). To capture this dilation/contraction the ring opening was
measured, which is converted to a radial displacement at the outer surface of the concrete
cylinder specimen. The bond stress versus radial displacement curves obtained are shown in
Figures 11 and 12. For each rebar type the following was observed:

1) Type A. A response qualitatively similar to that of steel (or some GFRP) rebars was
obtained. Figure 11 shows the results after a displacement in excess of 2 deformations spacings.
While advancing one deformation length, the curve presents 4 behavior regimes, as follows:

- First the load increases without much radial opening, indicating that the bar cannot
advance much due to interlocking between each deformation and the surrounding
concrete.

- Second the generated radial pressure caused by the wedging action of the ribs is high
enough that the concrete cracks open quickly, enough to allow for each deformation to
advance (high radial dilation at almost constant bond stress).

- Third, slip increases while the radial opening remains constant, and the load decreases.

- Fourth, once the bar has advanced one deformation length (i.e. one deformation has
taken the place of the previous one), the concrete cylinder quickly contracts radially at
fairly constant load.



These four behavior regimes produce somewhat of a rectangular curve in the bond stress versus
radial dilation plot (see Figure 11 for lower two confining pressures). If the bar advances one
more deformation length, another rectangular curve (cycle) is obtained within the previous one,
and so on. Figure 11 shows about 2.5 cycles, indicating a total slip of about 2.5 deformation
spacings. The drop in maximum bond stress after each cycle is also apparent. For high lateral
confinement, the rectangular shape contracts, indicating that, after displacing one deformation
length, the deformations themselves and the concrete around them are damaged enough to
prevent any significant further radial dilation (Figure 11, higher two confining pressures).
Measurement of the deformations after test completion indicated they had retained about 86% of
their original height if tested under 3.45 MPa (500 psi) confinement, 82% if tested under 10.3
MPa (1500 psi) confinement, 45% under 17.2 MPa (2500 psi) confinement, and 37% under 24.1
MPa (3500 psi) confinement.

2) Type B. The deformations’ height (0.3% of the diameter) was not sufficient to induce
significant radial dilation. The measurement was as small as the instrumentation noise, and the
data are not reported.

3) Type C. The deformations’ spacing was too large to induce significant radial dilation. The
observed twist could also reduce the dilation. The measured radial dilation would not show on a
graph with the same scale as Type A.

4) Type D. Significant dilation is observed, which is reported in Figure 12. Since the
displacement never reached one deformation length, no contraction is observed.

Long Embedment Tests Results

Depending on the bar type, the embedment length and confinement provided by the long
concrete cylinder were in some cases sufficient to develop the bar. If the bar did not break,
failure was obtained by vertical splitting of the concrete cylinder, typically into three
approximately 120° longitudinal segments (Figure 13). These tests results are shown in Table 5.

1) Type A. The developed bar stress at cylinder splitting reached up to 79% of ultimate (Table
5). From Part II of this paper, in this setup the development length is estimated to be 357 mm
(14 in) or 35 ds, if the concrete cover had been sufficient to not split. This would yield K, = 1/37
in equation (1) — in psi units to compare with ACI 440 (2001). This supports that equation (2) is
conservative since it would predict 84 d,, for normal weight concrete, and 109 d, if a factor of 1.3
is used to account for lightweight concrete (ACI 318, 1999). Note also that in actual applications
the presence of stirrups provide additional lateral confinement that would reduce both the
development length and the required cover.

2) Type B. One bar broke, i.e. was developed with 533 mm (21 in), but the other only reached
1248 MPa (181 ksi). As a local approximation for this second bar, assuming that strength and
development length are locally linearly related as in equation (1), in this setup the development
length could be as high as 622 mm (24.5 in) or 76 d, to develop the expected tensile strength
from the tensile tests (Table 1). This would yield K; = 1/10.4 in equation (1) — in psi units to
compare with ACI 440 (2001). This can also be compared with a conservative 78 dy from



equation (2) for normal weight concrete (and 101 dy if a factor of 1.3 is used to account for
lightweight concrete).

3) Type C. The strands in this bar are relatively smooth, and show very little twist around the
longitudinal axis. Using the average stress in the bar at concrete splitting (from Table 5) as
hypothetical f;, equation (2) would have estimated a development length around 76 mm (30
inches). This appears to support that equation (2) is conservative.

4) Type D. In the second test, the cylinder split near the rebar strength, so the development
length in this setup would be around 562 mm (22 in) or 57 dp. This would yield K, = 1/25.8 in
equation (1) — in psi units to compare with ACI 440 (2001). This can also be compared with a
conservative 100 dy from equation (2) for normal weight concrete (about 130 d, for lightweight).

ANALYTICAL MONOTONIC ENVELOPE

Analytical expressions for the monotonic bond stress-slip response are commonly used in
simplified models for bond. Most structural problems will need modeling below ultimate (e.g. at
the service state level), so it was decided to fit a model only to the ascending branch of the bond
stress versus slip response (the post-peak response is also gage-length dependent and more
difficult to use). This expression is derived in a two step procedure. First the peak on the bond
stress-slip curve is defined as a function of confinement as follows:

t/f, = A+Bo/f; 3)
sm/J = C+Do/f; (4)

where
7, = bond strength (peak bond stress)
o = confining axisymmetric radial pressure
f; = tensile strength
sm = slip at peak bond stress
& = nominal bar diameter
A, B, C, D = non-dimensional empirical constants for each bar type (Table 6).

Second, the ascending normalized bond stress-slip curve can be expressed using the model by
Ciampi et al. (1981), also known as the BEP model (Eligehausen et al. 1983; Cosenza et al.
1995, 1997):

T= T (5/5m)* )
or using the CMR model (Cosenza et al. 1995, 1997):

7= 1y (1-exp{-s/s,})* (6)



where « and s, are empirical constants for each bar type. The CMR model has 2 parameters, so
it is capable of better approximation within the range 0 < 7 <'7,,. Since s, has a unit of length, it

was replaced by s, = s, /f, where S is a non-dimensional parameter. Hence a modified CMR
model (MCMR) was used:

7= 1y (I-exp{-f s/sm}) & (7

For each bar type, the constants were evaluated (by minimizing the difference between
measured and predicted bond stress — least squares fit) and are reported in Table 6. It should be
noted that the proposed empirical formulas are limited to the ranges of pressures tested, and that
each bar type will typically have different coefficients. These formulas may be useful for
calibration of simple numerical models that can compute the bond stress-slip response as a
function of radial normal stress, . The models are often applied via interface, or nodal-tie
elements. Unfortunately, their application is not as straight forward as their simple form would
suggest. The main problem is defining . The bond experiments in this study were designed to
provide a measure of the average normal component of the interface traction. In most situations,
o is a result, in part, of the mechanical interlocking and as such & is not known a priori. The
approach taken in Part II of this study is to further develop and calibrate a different and more
complete bond model that incorporates both ¢ and the interface dilation (representing the radial
deformation produced by the mechanical interlocking within the context of an interface
idealization). With this type of formulation, the bond model actively determines &, and thus can
potentially predict both pull-out and splitting failures.

CONCLUSIONS

Bond properties for four types of FRP rebar with different deformation patterns were
analyzed experimentally in lightweight concrete. Local bond stress-slip and bond stress-radial
displacement responses were obtained for various levels of axisymmetric radial confining
pressure. These responses can be considered configuration independent and can be used to
develop more general bond models. It was also found that:

1) Surface deformations with a height at least 6% of the nominal rebar diameter (i.e. similar
to that of steel) and deformation spacing of not more than 3 times the rebar diameter,
were sufficient to yield maximum bond stresses up to 8 MPa (1160 psi) or more, about
twice the concrete tensile strength (Types A and D bars). Bars with small surface
deformation height of 0.3% of the nominal diameter squeezed through the concrete (Type
B). Bars with deformation spacing about 15 times the bar diameter twisted and squeezed
through the concrete (Type C).

2) For bars with adequate height and deformation spacing (Types A and D), bond strength
could be increased more than twofold by increasing the confining pressure.

3) Estimated development lengths were obtained for various CFRP rebars.

4) Equation (2) (ACI 440, 2001) appears to conservatively predict development values.
However, it does not take into consideration the specific shape of the bar deformations,
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neither does it set a minimum deformation standard for its usage — this could potentially
yield unconservative results for bars with small deformations.

5) Experimental parameters for simple analytical models were obtained, to ease the use of
the experimental data.
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TABLE 1. BAR DATA.

TYPE A B C D
Resin Epoxy/Vinyl. Epoxy Vinylester Epoxy
Fiber Volume, % 60 65 65 64
ribs like 7-strand 7-strand
Surface pattern steel bar textured cable cable
Bar Diameter, mm 10.2 8.2 10.6 9.8
(in) (0.4) (0.32) (0.42) (0.39)
Bar Area, mm’ 81.1 52.8 87.9 76.0
(in) (0.126) (0.082) (0.136) (0.118)
Deformation Spacing 7.6 3.0 150 + 30
mm (in) (0.3) (0.12) (6 +) (1.2)
Deformation Height 0.6 0.025 1.4 1.1
mm (in) (0.024) (0.001) (0.055) (0.043)
Ultimate Stress 1586 1456 1931 1871
MPa (ksi) (230) (211) (280) (271)
Elastic Modulus 113 139 157 137
GPa (ksi) (16,400) (20,200) (22,800) (19,900)




TABLE 2 — PREVIOUS TEST RESULTS

BAR BAR BAR | CONCRETE spg‘l’z"gEN BOND LEl?lg'II?H
BARTYPE | REFERENCE | DIAMETER | STIFFNESS | STRENGTH | STRENGTH | SIZE ) stRenGTH | HEN
mm (in) GPa (ksi) MPa (ksi) MPa (psi) mm (in) MPa (psi) diameters
Cosenza et 12.7 42 770 39 127x150x150 14.5 %
A(GERP) |1 (1999) 0.5) (6.090) (112) (5.655) (5x6x6) (2.100) 10
Shicldctal. |  15.9 0 427 207 | 381x305x457 | 45 .
A(GERP) | 1999 0.625) | (6,090) (61.9) 4300) | (15x12x18) |  (650) 24
Nanni et al. 13 375 568 345 | 150x150x150 17
A(GERP) | 1997y 0.5) (5.437) (82.4) (5.000) (6x6%6) (2.465) | 2O and3
Rizkalla t 12 40.6 640 44 213 .
A(GERP) |1 (1997 (0.5) (5.890) 92) (6.380) - (3.090) 15
C Iyer et al. 12.7 i 1,860 i i i i
(1994) 0.5) (270)
D Benmokrane 7.3 140 2,218 61.6 150x57 6.21 13.7
ctal (1997) | (0290 | (20,249 (322) (8,930) (6x2.2) (901) :
5 Tepfersctal. | 12.5 137 1,765 473 48x115 9.5 i g
(1992) 0.5) (19,865) (256) (6,860) (1.9x4.5) (1,338) :
D Tepfers et al. 12.5 137 1,765 44 .4 200x200x200 13 36
(1992) 0.5) (19.865) (256) (6,440) (8x8x8) (1,885) :
5 Tokyo Rope |  12.5 137 1,158 476 | 150x100x100 |  7.23 "
(1989) 0.5) (19.865) (168) (6,900) (6x4x4) (1,048)
an Sonobe et al. i i i i 100x100x100 i 3%
y (1997) (4x4x4)

* development length
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TABLE 3 — CONCRETE PROPERTIES

LONG
CONCRETE PROPERTIES BOND TESTS EMBEDMENT
TESTS
Bar Type A B C D A/ B,C,D
Tensile Strength f; 3.72 3.85 3.78 3.72 4.53
MPa (psi) (540) (558) (548) (540) (657)
Compressive Strength fc- 34.43 50.97 39.35 34.43 42.94
MPa (psi) (4993) (7390) (5706) (4993) (6228)
Modulus of Elasticity E 12.77 15.65 12.54 12.77 17.03
GPa (ksi) (1852) (2269) (1818) (1852) (2469)
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TABLE 4 — PEAK BOND STRESS AND CORRESPONDING SLIP

BAR CONFINEMENT PEAK BOND STRESS SLIP
TYPE MPa psi MPa psi x mm in
A 3.45 500 4.23 613 1.14 0.292 | 0.0115
10.3 1500 6.26 908 1.68 0.632 | 0.0249
17.2 2500 8.10 1175 2.18 0.863 | 0.0340
24.1 3500 10.10 1465 2.71 1.056 | 0.0115
B 3.45 500 2.23 323 0.58 0.133 | 0.0052
10.3 1500 4.26 618 1.11 0.777 | 0.0306
17.2 2500 3.76 545 0.98 0.732 | 0.0285
24.1 3500 3.59 521 0.93 1.124 | 0.0443
C 3.45 500 3.36 487 0.89 0.645 | 0.0254
10.3 1500 3.94 571 1.04 8.044 | 0.3167
17.2 2500 4.72 684 1.25 9.795 | 0.3856
24.1 3500 5.95 863 1.57 7.961 | 0.3134
D 3.45 500 5.10 740 1.37 0.199 | 0.0078
10.3 1500 5.98 867 1.61 0.332 | 0.0131
17.2 2500 7.93 1150 2.13 0.317 | 0.0125
24.1 3500 8.27 1199 2.22 0.291 | 0.0115

18




TABLE 5 - LONG EMBEDMENT TESTS RESULTS

BAR FAILURE | BAR STRESS
TYPE TEST LOAD AT FAILURE FAILURE MODE
kN (kips) MPa (ksi)

A || esase | msaise | S smedos e st o
AL 2 100528 | 1250 0812) | e o afer reladin
B 1 63.8 (14.4) | 1207 (175.1) | Bar slipped twice, broke near concrete
B 2 66.0 (14.8) | 1248 (181.0) | Bar slipped at maximum load twice, pulled out
C 1 116.4 (26.2) | 1327 (192.4) | Barslipped 3 times, cylinder split after reloading
C 2 119.0 (26.8) | 1357 (196.8) | Bar slipped twice, cylinder split after reloading
D 1 45.6 (10.3) 600 (86.9) | Cylinder splitinto 3 segments at first loading
D 2 135 (30.4) 1776 (257) | Cylinder split at first loading, bar pulled out
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TABLE 6 - ANALYTICAL FIT PARAMETERS

BAR PARAMETER
A B C D BEPoa | MCMR a | MCMR 3
Type A 0.881 0.282 0.0202 0.0134 0.30 1.0 4.6
Type B 0.713 0.052 0.0129 0.0199 0.13 0.2 2.0
Type C 0.736 0.124 0.1766 0.1225 0.11 0.2 3.0
Type D 1.215 0.167 0.0232 0.0013 0.30 1.0 4.6
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Figure 1. CFRP bar types
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Figure 3. Test set up
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Figure 4. Tested specimen
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Figure 5. Long embedment test specimen
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Figure 6. Testing of long test specimen
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Figure 7. Bond stress versus slip for Type A bar.
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Figure 13. Splitting of long embedment test specimens.
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